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Abstract. Observations of streamers in extreme ultraviolet
(EUV) emission with SOHO/UVCS show dramatic differ-
ences in line profiles and latitudinal variations in heavy ion
emission compared to hydrogen Ly-« emission. In order to
use ion emission observations of streamers as the diagnos-
tics of the slow solar wind properties, an adequate model of a
streamer including heavy ions is required. We extended a pre-
vious 2.5-D multi-species magnetohydrodynamics (MHD)
model of a coronal streamer to 3-D spherical geometry, and
in the first approach we consider a tilted dipole configura-
tion of the solar magnetic field. The aim of the present study
is to test the 3-D results by comparing to previous 2.5-D
model result for a 3-D case with moderate departure from az-
imuthal symmetry. The model includes O°* ions with pref-
erential empirical heating and allows for calculation of their
density, velocity and temperature in coronal streamers. We
present the first results of our 3-D multi-fluid model showing
the parameters of protons, electrons and heavy ions (0°*) at
the steady-state solar corona with a tilted steamer belt. We
find that the 3-D results are in qualitative agreement with
our previous 2.5-D model, and show longitudinal variation
in the variables in accordance with the tilted streamer belt
structure. Properties of heavy coronal ions obtained from the
3-D model together with EUV spectroscopic observations
of streamers will help understanding the 3-D structures of
streamers reducing line-of-sight integration ambiguities and
identifying the sources of the slow solar wind in the lower
corona. This leads to improved understanding of the physics
of the slow solar wind.

Keywords. Solar physics astrophysics and astronomy
(corona and transition region)

1 Introduction

White-light images of the solar corona from ground obser-
vations during the total solar eclipses and space-based coro-
nagraphs show that the dominant magnetic structures of the
minimum corona are equatorial streamers. These structures
are usually seen as bright helmet-shaped features and char-
acterized by closed magnetic field lines in their core and open
field lines at outer edges (Gosling et al., 1981). The magnetic
structure determines plasma parameters in the streamer, par-
ticularly high plasma density and electron temperature with a
maximum at the core of the streamer. It has been well known
for decades that, during the solar minimum, the magnetic
field of the Sun is qualitatively described as a tilted dipole
and a long-lived (several days or longer) quiescent streamer
belt forms at low latitudes, as seen in eclipse images and
white-light coronagraph observations. The streamer belt has
been identified as the source of the slow solar wind by trac-
ing the outflow of emerging small-scale structures (“blobs”)
in white light in the range 2-6 Rs (e.g., Sheeley et al., 1997).
The streamer belt structures is also evident in UV emission
of ions (e.g., Giordano and Mancuso, 2008).

The Ultraviolet Coronagraph Spectrometer (UVCS) on-
board the Solar and Heliospheric Observatory (SOHO)
spacecraft measures extreme ultraviolet (EUV) emissions
produced by minor heavy ions of coronal plasma such as
0°*, Mg®* and Si'%*. During the solar minimum, the struc-
ture of the solar corona observed in heavy ion emission dif-
fers considerably from the structure seen in white-light im-
ages and H | Ly-o emission (Kohl et al., 1997; Raymond
et al., 1997; Noci et al., 1997). At the core of the streamer,
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the intensity of the H | Ly-«a emission has a maximum; how-
ever emission from 0% and Mg®* ions is depleted and has
a maximum at the edge of the streamer. This dramatic differ-
ence was clearly observed by UVCS during the solar min-
imum on 26 September 1997 (Ofman et al., 2011, 2013).
Open magnetic field regions adjacent to streamer boundaries
were found to be sources of the slow solar wind through
abundance variations (e.g., Ofman, 2000; Antonucci et al.,
2006; Ko et al., 2008). Observed variations in heavy ion
emission are related to the variations in the ion abundances in
the slow solar wind across the streamer (Chen and Li, 2004;
Morgan et al., 2008; Ofman et al., 2011).

In order to use EUV coronal observations for diagnostics
of the slow solar wind outflowing from streamers, a model
of a streamer accounting for multi-component composition
(protons, electrons, minor heavy ion species) of plasma is re-
quired. Single-fluid models are unable to describe the prop-
erties of heavy ions in the corona self-consistently. Multi-
component models of a coronal streamer that include plasma
protons, electrons and heavy ions (0%t and Mg®t) were
previously developed in Ofman et al. (2011, 2013). The
plasma components are modeled as magnetized fluids cou-
pled by collisions and electromagnetic interactions. Initial
dipole configuration of the solar magnetic field and azimuthal
(two spatial dimensions and three components of velocity
and magnetic field) symmetry were assumed in these models.
Ofman et al. (2011, 2013) showed a formation of an equato-
rial streamer belt; described latitudinal variations in parame-
ters of protons, electrons and heavy ions; and obtained a good
qualitative agreement between the calculated EUV emissions
from the streamer using model output that compares well
with UVCS observations in O VI and Mg X emissions.

The aim of our present study is to extend previous 2.5-D
multi-fluid models of streamers to 3-D geometry. Only a few
2.5-D multi-fluid model studies of multi-ion coronal stream-
ers have previously been published (e.g., Ofman, 2000, 2004;
Li et al., 2006; Ofman and Kramar, 2010; Ofman et al., 2011,
2013). The 3-D multi-fluid models allow for properties of
coronal heavy ions to be studied in more realistic configura-
tions of the coronal magnetic field, including the solar maxi-
mum conditions compared to the simplified dipole field con-
sidered in Ofman et al. (2011, 2013), and properly consider
line-of-sight emission integration effects on the observed im-
ages. In the first approach we assume a tilted dipole config-
uration, which serves as a good approximation for the struc-
ture of solar magnetic field during the solar minimum (Kra-
mar et al., 2009; Zhao and Hoeksema, 2010).

To fully explain the EUV data, it is necessary to apply so-
phisticated models of the corona that use observational data
as input, such as a realistic coronal magnetic field configu-
ration obtained from a potential-field source-surface (PFSS)
model (Altschuler and Newkirk, 1969), which extrapolates
the observed photospheric field (magnetograms). More real-
istic solar boundary conditions and initial state in the 3-D

Ann. Geophys., 33, 47-53, 2015

multi-fluid model are currently under development, and the
results will be reported in future papers.

2 Description of the model

As in previous works, the model of a streamer includes heavy
ion population treated as an additional fluid to plasma elec-
tron and proton fluids. In this paper we report the results of
the model with O®* ions. In the model, plasma is described
using a three-fluid approximation — treating electrons, pro-
tons, and O%* ions as coupled fluids through collisional and
electromagnetic interactions — that considerably extends the
single-fluid magnetohydrodynamics (MHD) description. We
assume that plasma is quasi-neutral and neglect electron iner-
tia, using me < myp to solve the electron momentum equation
for the electric field. Density of electrons is obtained from
charge neutrality condition. Viscosity and explicit thermal
conduction terms are ignored in this model. The following
equations in normalized form are solved:
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where the index k =p, i for protons and heavy ions (in the
energy Eq. 5 k=e, p, i including electrons), ny is the num-
ber density, V is the velocity vector, T is the temperature
for each species; Sy is the empirical heating term (used only
for heavy ions), Sy is the electron radiative loss term (we
use the same function as in Ofman et al., 2011), ;¢ is the
Kronecker delta, Cyj; is the energy coupling term between
the species (for detailed expression see Ofman, 2004), and
i is the polytropic index of each species. We assume poly-
tropic index y; = 1.05, neglecting explicit heating and heat
conduction terms for electrons and protons for simplicity.
This choice of y accounts for the (unknown) bulk heating
of the corona and yields nearly isothermal flow of electrons
and protons. This approach and the value of y are often used
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in global modeling of the solar wind (e.g., Riley et al., 2006).
Ay is the mass number and € = Z,’:ff;%rA is the normal-
ized gyrofrequency, where my is the proton mass and a is
the Alfvén time ta = Rs/Va, where Va = Bo//4mmpneg is
the Alfvén speed (defined here with the proton mass), Bo
is the normalization magnetic field strength (in the present
study Bg = 7G), my is the proton mass, and neg is the nor-
malization value of the electron number density (we use
neo =5 x 108 cm=3, and therefore Va = 683kms1).

Normalization used in the above equations is the same as
described in Ofman et al. (2011). The dimensionless parame-
ters in the system are the Lundquist number S (in the present
study 10%); electron and proton Euler number EUep =
(knTo,e.p/mp) Va %; ion Euler number Eu; = (kpToi/mi) Vp %;
and Froude number Fr = V/ERS/GMS, where G is the uni-
versal gravitational constant and Ms is the solar mass, Rs is
the solar radius, b = c¢Bg/(4menggRsVa) the normalization
constant, and kp is the Boltzmann constant. The Coulomb
friction terms Fy coul are given by Braginskii (1965) (see also
Li et al., 1997; Ofman, 2004, for the detailed expressions of
these terms).

The heating term for O°* ions is the function Sj = Sio(r —
1)e~"—D/%o0 where the constants Sjo and Ajp determine the
magnitude and the decrease of the heating rate with distance
r. These parameters are chosen to match the radial depen-
dence of O%* ion temperature retrieved from EUV observa-
tions. We adopt the values used in our previous 2.5-D study:
Sio = 29.0 and Ajp = 0.5. The temperature anisotropy of the
0°* ion temperature may become significant in streamers,
with observational evidence exhibiting considerable uncer-
tainties (e.g., Frazin et al., 2003). As in our previous 2.5-D
multi-fluid studies, for simplicity we neglect the effects of
possible temperature anisotropy; we plan to address this in
future studies.

We solve the equations numerically in the 3-D spherical
domain, where spatial coordinates ranges are Rs < r < 8 Rs,
0<60 <m and 0 <¢ <2x. We initialize the computations
with the tilted dipole coronal magnetic field, where the an-
gle between the magnetic axis and solar rotation axis is
10° (similar to the formalism of Finlay et al., 2010, for the
Earth’s tilted dipole). The low variability in ¢ of the tilted
dipole allows for the use of a lower resolution compared to
a more complex magnetic field, and is favorable for testing
the model. Initial proton velocity Vp r and density np in the
domain are obtained from an analytic Parker isothermal so-
lar wind solution (Parker, 1963) with T, =1.6 MK. The
initial O°* density is taken as 8 x 10"’np at r =1 Rs which
corresponds to total oxygen relative abundance. An initially
uniform O5* temperature Tgs+ = 32 MK and a hydrostatic
distribution of oxygen with height was used to initialize the
calculations. lon fractionation ratio can be applied to the so-
lutions to obtain the O°* relative abundance and calculate
the emissivity (see, Ofman et al., 2011). Note that the large
initial heavy ion fluid temperature facilitates the initiation of
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Figure 1. Three-dimensional structure of the coronal magnetic field
in the steady-state solution showing formation of a streamer belt
from the initial tilted dipole magnetic field configuration. The coor-
dinate system is shown in the top right corner.

the calculations by extending the heavy ion initial gravita-
tional scale height, but the oxygen ion temperature decreases
rapidly as the streamer is formed through cooling by coupled
electron and proton fluids.

The following boundary conditions are applied. At the
inner boundary r =1 Rs, the magnetic field components
are fixed and values of density, temperature and velocity
components are extrapolated from interior cells with zero
gradients (extrapolated boundary conditions approximating
incoming characteristics based on the method described
in Steinolfson and Nakagawa, 1976). At the outer boundary
r = 8 Rs, open boundary conditions are set for all variables.
The results shown below were obtained with a resolution of
160 x 128 x 512 grid cells in the 6, ¢ and r directions, re-
spectively. We have performed test runs and found no sig-
nificant difference in solutions with higher resolutions of
320 x 128 x 512 and 160 x 256 x 512.

The equations are solved using a fourth-order Runge-
Kutta method in time and fourth-order spatial differencing.
A Chebyshev fourth-order smoothing term is applied for sta-
bility. The code is parallelized using the Message Passing
Interface with an efficient solution on 256 processors.

3 Results and discussion

Figures 1-5 show results of the 3-D multi-fluid simulation of
a streamer with electrons, protons and O ions. The numer-
ical solution is evolved until a (quasi-)steady state is reached,
with the typical closed field and open field region structures
separated by a current sheet in the streamer. At this stage
temporal changes of the solution are very small compared to
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Figure 2. Maps of (a) O°* ion density (logyg scale), (b) proton den-
sity (logyg scale of the normalized density by ngp = 5 x 108 cm—3),
(c) O5* ion temperature [K], and (d) radial proton velocity on a
Carrington map at r = 1.5 Rg (6—¢ plane) obtained from a 3-D
three-fluid model for a tilted dipole solar magnetic field. The ve-
locities are in units of V5 = 683kms—1.

variations at the beginning of the simulation. To find a steady
state, we examined temporal evolution of the variables such
as densities, velocities and magnetic field in the 2-D plane
cuts of the 3-D solution, as well as at several points in the
computational domain. Figure 1 presents a 3-D view of mag-
netic field lines at the steady-state solution. The formation of
a tilted equatorial streamer belt can be seen.

Figure 2 shows logarithmic density maps of O°* ions and
protons (panels a and b), and the corresponding ion tempera-
ture (panel c) and proton radial velocity (panel d) in the ¢—6
plane at r = 1.5 Rs. The corresponding latitudinal profiles of
radial velocity and density are presented in Fig. 4a and b. It
can be seen that the proton density is enhanced at the core
of the streamer, while the O5t ion density is depleted at the
core and has maxima at the boundary separating open and
closed field regions. The proton density is larger inside the
streamer by a factor of 2.5 compared to the density outside.
The O°* ion density in the core of the streamer is smaller by
30 % than outside, while the O+ ion temperature is lower in-
side the streamer. These results are consistent with previous
2.5-D models of the streamer and with UVCS observations
of Ot and Mg®* ions emission from quiescent streamers
during the solar minimum (Ofman et al., 2011). The min-
imum of O°* density at the streamer core is the result of
gravitational settling of ions in the closed field region. While
the coupling between the outflowing protons and O°* ions
due to Coulomb friction in the open field region produces the
increase in the ion abundance, the cooling of the ions from
their initial temperature through thermal coupling with elec-
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Figure 3. (a) The normalized current density j2/p obtained from
the model at 6 Rs. (b), (c) and (d) show the temperature maps in
kelvin in the 6—¢ plane at r = 6 Rg for electrons, protons, and 0%+
ions, respectively, that correspond to the quasi-steady state of the
streamer belt at the end of the run.

trons and protons further enhances gravitational settling in
the core of the streamer and reduces the ion relative abun-
dance. Also, as expected in the streamer, the density of pro-
tons and O°* ions decreases with height. Plots of radial speed
of protons and heavy ions show that at the streamer core the
speeds are nearly zero, while the outflow forms in the regions
with open magnetic field lines, consistent with UVCS obser-
vations (e.g., Strachan et al., 2002; Antonucci et al., 2005;
Abbo et al., 2010).

Figure 3 shows maps of temperature of electrons, protons
and O°* ions (panels b, c, d, respectively) at the distance
r = 6 Rs. Latitudinal temperature profiles at » = 1.6 Rs are
shown in Fig. 4c. Figure 5 shows the streamer structure in
several variables in the »—6 plane at ¢ = 0.76rad. The ion
and proton density, the electron and ion temperatures, the
proton radial outflow speed, and the normalized current den-
sity are shown. The streamer structure is evident and is simi-
lar to the 2.5-D results in Ofman et al. (2011), with the main
difference evident in the tilt, i.e., the streamer symmetry axis
is shifted to higher latitude at this longitude compared to the
non-tilted case. This can contribute to the line-of-sight inte-
gration of the streamer when observed in EUV in the plane
of the sky by showing angularly broader streamer structure
by up to the tilt angle. Electron and proton temperatures are
nearly equal and have a maximum value at the core of the
streamer compared to its boundaries, which is consistent with
observations of a coronal streamer at the solar minimum and
previous model results (Ofman et al., 2011, 2013).
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Figure 4. Latitudinal profiles of (a) radial speed, (b) normalized
density and (c) temperatures for solar wind ions (dashed curves),
protons (solid curves) and electrons (dash-dot curves) at r = 1.6 Rg
and ¢ =0.76rad atr =56.1 tp.

In the closed field regions of the streamer, the proton and
electron temperatures are almost constant due to hydrostatic
equilibrium of a streamer at the steady state. Meanwhile the
0%t temperature is depleted at the core due to cooling by
electrons and protons with corresponding gravitational set-
tling, and increases at the boundary of the streamer, where
the heating effects are stronger compared to cooling. In the
closed field region, hot O°* ions and cooler protons and
electrons exchange energy by collisions, which results in
lower temperatures of O° ions compared to their temper-
ature outside the closed field line region. The longitudinal
variation of the velocity and density inhomogeneity at the
boundary of the streamer due to the tilted magnetic configu-
ration and corresponding variation in the magnetic pressure
is evident. Variations in temperature of the species across the
streamer reflect latitudinal variations in magnetic field and
density. Obtained temperature variations in O°* ions in the
streamer are consistent with UVCS spectroscopic observa-
tions of broad ion emission lines and previous 2.5-D model
results for 0%t and Mg®t ions. Since we assumed nearly
isothermal energy equations for protons and electrons with
polytropic index ye = y, = 1.05 and no empirical heating for
these species, variations in electron and proton temperature
with height are small. For O°* ions, radially dependent em-
pirical enhanced heating as well as cooling due to interaction
with protons and electrons is included in the energy equa-
tion. These processes result in an increase in O temper-
ature with height to about 3 Rs and decrease at larger dis-
tances.

The current density structure, j2/p, is shown in Fig. 3a
in the 6—¢ plane at r =6 Rs, and its height dependence
is evident in Fig. 5f, showing a cut in the 6—r plane at
¢ =0.76rad. The division by the total density o counters
the height dependence and shows the current density per unit
mass (in normalized units). Since the stalk of the streamer
has formed at this height, the current is confined to a narrow
band where the magnetic field radial component is chang-
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Figure 5. The variable in the r—9 plane at ¢ =0.76rad at r =
54.08 7. (a) The O ion density (logsg scale), (b) the proton den-
sity (logyg Scale), (c) the electron temperature 7e, (d) the O tem-
perature Tj, (€) the proton radial velocity Vp r and (f) the normalized
current density j2/p.

ing sign. The width of the current layer is determined by the
physical and numerical resistivity in the model. The longitu-
dinal (¢) dependence of the tilted magnetic structure leads to
second-order intensity variation in the current density due to
longitudinal variation in the background magnetic pressure.

Overall the structure of the streamer obtained in the 3-D
model is consistent with previously obtained results in 2.5-
D model (Ofman et al., 2011, 2013). The previous model
showed a good agreement between the latitudinal profiles
of proton and O%* ion density and the temperature and val-
ues derived from UVCS observational data. Small velocities
of protons and ions in the core of the streamer obtained in
the 2.5-D model also agreed with UVCS velocity measure-
ments (for detailed comparison see Ofman et al., 2011). Us-
ing results of the 2.5-D model, Ofman et al. (2011) computed
maps of UV emission from streamers in lines H | Ly-« and O
V11032 A and compared to intensity maps constructed from
UVCS observations. A good agreement was found between
the computed and observed structure of streamers seen in UV
emission.

Our next step in a future study will be to compute the
intensity maps using the results of a 3-D model presented
above. By using the 3-D model, no geometrical assumptions
are needed to integrate the emissivity along the line of sight,
contrary to the intensity computation from the 2.5-D model.
This will allow us to perform a quantitative comparison with
observed UV and white-light coronal streamers from UVCS
and LASCO coronagraphs aboard SOHO and from STEREO
Corl, as well as ground-based observations when a more re-
alistic coronal field is incorporated into the model.
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4 Conclusions

During the solar minimum the structure of the solar magnetic
field can be well approximated by the tilted dipole configu-
ration. In this case a tilted single streamer belt forms with as-
sociated slow solar wind outflow. In the presented study we
extend our previous time-dependent multi-component 2.5-D
model of the solar streamer belt with azimuthal symmetry
to full 3-D geometry, which ultimately allows for reduction
of line-of-sight optically thin UV emission integration am-
biguity effects in observed streamer images. The 3-D multi-
fluid model allows for the properties of the slow solar wind
as observed in spectral lines of minor heavy ions to be stud-
ied in a more realistic configuration of the coronal magnetic
field. During the solar maxima conditions, when streamers
may form at high latitudes, the line-of-sight ambiguity be-
comes even more important, affecting observations of opti-
cally thin ion emission. In this paper we report our first re-
sults of a three-fluid 3-D model of the streamer belt, and in
the first step we considered the tilted dipole configuration of
the coronal field. We assumed that, in addition to protons and
electrons, coronal plasma contains hot (compared to protons
and electrons) heavy O°* ions consistent with past UVCS
observations (e.g., Kohl et al., 1997; Raymond et al., 1997).
The unknown ion heating process is modeled by an empiri-
cal heating term in the oxygen ion energy equation. Several
simplifying assumptions are used in the model as noted in
Sect. 2 above.

The structure of the streamer obtained in the 3-D model is
consistent with results of the previous azimuthally symmetric
2.5-D model and with observations reported previously, with
additional azimuthal variations in the variables. As expected,
the model shows the formation of the tilted streamer belt with
the following properties of plasma components:

1. Proton density is enhanced at the core of the streamer,
while the O%* ion density is depleted at the core and has
a maximum value at the boundary of the streamer.

2. The radial speed of protons and O®* ions is nearly
zero at the core, while outflow forms at the edge of the
streamer in the region with open magnetic field lines
consistent with slow solar wind.

3. Electron and proton temperatures are equal at the core
and the value is higher than outside the streamer.

4. O°* ijon temperature is higher than proton and electron
temperatures in the streamer at the same height, while it
is depleted at the core and increases at the boundary of
the streamer.

We conclude that latitudinal variations in parameters of
heavy ions are determined by energy and momentum ex-
change in the interaction of ions with protons and electrons.
The longitudinal (¢) dependence of the streamer structure
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due to the tilt (warping) is evident. In particular, the den-
sity compression and rarefaction of the heavy ions and corre-
sponding velocity variations at the boundaries of the streamer
belt are evident at 1.5 Rs (Fig. 2), and the second-order vari-
ation in the current density structure is most evident at 6 Rs
(Fig. 3a). The next step in our 3-D study will be to com-
pute the UV intensity maps in H | Ly-« and O VI 1032 A
lines using the plasma parameters of the streamer and to com-
pare these to the maps from UVCS data, extending the 2.5-
D model of Ofman et al. (2011, 2013); furthermore, a more
complex solar magnetic field and initial state consistent with
solar maximum conditions will be included.

While significantly improved, the model still holds several
limitations such the as use of polytropic energy equations
with y = 1.05 (which allows for explicit terms for electron
heat conduction, electron and proton heating to be neglected)
and the use of a radially dependent empirical heating func-
tion for heavy ions. Our 3-D model allows for implementa-
tion of a realistic coronal magnetic field derived from a mea-
sured photospheric magnetic field, using the PFSS model as
the initial state. The addition of further complexities to the
model by including these effects will be the subject of future
studies.
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